Hatch M, Freel RW. Increased colonic sodium absorption in rats with chronic renal failure is partially mediated by AT1 receptor agonism. Am J Physiol Gastrointest Liver Physiol 295: 348 -356, 2008. First published June 5, 2008 doi:10.1152/ajpgi.00079.2008.-To test the hypothesis that colonic Na ϩ transport is altered in the 5/6 nephrectomized rat model of chronic renal failure (CRF), we measured Na ϩ fluxes across distal colon from control (CON), CRF, and CRF rats treated with the angiotensin II (ANG II) receptor antagonist losartan (ϩLOS). We also evaluated overall fluid and Na ϩ balance and compared colonic protein and mRNA expression profiles for electroneutral [sodium-hydrogen exchanger (NHE)] and electrogenic Na ϩ transport [epithelial sodium channel (ENaC)] in these groups. Consistent with a 60% enhancement in colonic Na ϩ absorption in CRF, urinary Na ϩ excretion increased by about 50% while serum Na ϩ homeostasis was maintained. These CRF-induced changes in Na ϩ handling were normalized by treatment with LOS. Net Na ϩ absorption was also stimulated in in vitro tissues from CON rats following acute serosal addition of ANG II (10 Ϫ7 M), and this increase was blocked by AT1 antagonism but not by an AT2 antagonist. In CRF, colonic protein and mRNA expression variably increased for apical NHE2, NHE3, and ENaC ␣-, ␤-, ␥-subunits, whereas expression of basolateral NHE1 and Na ϩ -K ϩ -ATPase (␣-isoform) remained unaltered. Upregulation of the ENaC subunit mRNA was attenuated somewhat by LOS treatment. Previously, we showed that colonic AT1 receptor protein is upregulated twofold in CRF, and here we find that AT1 and AT2 mRNA and AT2 protein abundance is unchanged in CRF. We conclude that Na ϩ absorption in CRF rat distal colon is increased due to elevated expression of proteins mediating electroneutral and electrogenic uptake and that it is partially mediated by AT 1 receptors. nephrectomy; angiotensin II; losartan; AT 2 receptor; EIPA THE DISTAL COLON HAS A SIGNIFICANT role in electrolyte balance, often in ways that complement those provided by renal pathways or in a manner that compensates for renal dysfunction. For example, in the rat model of chronic renal failure (CRF) induced by surgically removing 5/6 of renal mass, distal colonic K ϩ (12, 14, 15) and anion (11, 13) secretory pathways are stimulated, which partially offsets compromised renal excretion of these solutes. These CRF-induced reversals of net transport, from absorption to secretion, are sensitive to AT 1 receptor antagonism in vivo and in vitro (11, 14 -16), suggesting a role for the renin-angiotensin system in colonic adaptation to renal failure. Remarkably, these changes in epithelial transport appear to be mediated by local upregulation of colonic AT 1 receptors rather than changes in systemic aldosterone or angiotensin II (ANG II) titers (12).
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Whether distal colonic sodium transport is also affected in the 5/6 nephrectomy model of CRF has not been established, yet there are several compelling reasons to expect that this may be the case. First, exogenous ANG II alters sodium absorption in other intestinal segments (5, 25, 26) and in renal epithelia (29, 34, 35, 37) in a bimodal manner, with low concentrations of the octapeptide stimulating and higher doses inhibiting net Na ϩ absorption. Second, renal Na ϩ excretion is increased in CRF (23) , and AT 1 blockade alters Na ϩ transporter gene expression in CRF (20) . Third, critical elements mediating Na ϩ transport in the distal colon, such as the epithelial sodium channel (ENaC) (2, 7) and sodium-hydrogen exchangers (NHEs) (7) , are regulated by ANG II in renal epithelia. Finally, distal colonic Na ϩ transport is regulated by aldosterone, which alters the relative abundance of sodium exchanger/sodium channel protein and mRNA (10, 18) .
On the basis of these observations, we speculated that distal colon Na ϩ transport in the CRF rat model is also regulated by ANG II, like K ϩ and anion transport. To test this hypothesis, we compared Na ϩ transport and mRNA expression profiles of AT 1 and AT 2 receptors and of some critical genes encoding transporters that mediate Na ϩ absorption in normal and CRF rat distal colon. We report here that Na ϩ absorption by the rat distal colon is increased in this model of CRF and that these changes correlate with elevated expression of mRNA transcripts encoding proteins mediating electroneutral (NHE2, NHE3) and electrogenic (ENaC) Na ϩ uptake across the apical membrane. Additionally, AT 1 and AT 2 receptor mRNA expression were not altered in CRF, and AT 2 receptor protein was not changed in CRF colon [unlike AT 1 receptor protein which increases twofold (12) ]. The increases in ENaC mRNA expression, but not NHE message, are partly mitigated by AT 1 receptor antagonism, further suggesting a role for ANG II mediating a stimulation of colonic Na ϩ absorption in CRF.
MATERIALS AND METHODS
Animals. All animal experimentation was conducted in accordance with protocols approved by the University of Florida and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats (275-300 g; Harlan, Indianapolis, IN) were used in the following studies and had free access to water and Purina rat chow 5001 at all times. A 5/6 nephrectomy was performed to produce a surgical resection CRF model as described previously but in one surgical step rather than two (14) , and flux studies were performed 6 wk after this procedure. In one experimental series, a group of CRF rats was treated with losartan (10 mg/kg), an ANG II receptor antagonist, added to the drinking water for 7 days from the end of week 5 to week 6 (ϩLOS). Control series of experiments were conducted using intestinal tissue from normal control rats (CON) that did not undergo any treatment. All rats were euthanatized by an intraperitoneal injection of pentobarbital (150 mg/kg body wt), and blood was collected by cardiac puncture for serum Na ϩ (Roche Hitachi Modular P800 chemistry analyzer; Roche Diagnostics, Indianapolis, IN) and creatinine determination (kit 555A; Sigma Chemical, St. Louis, MO). Sodium and creatinine were also determined in a urine specimen collected in 3 ml of 3.5 N HCl over 24 h immediately before euthanasia. Creatinine clearance, which was used as an indicator of renal function, was determined for each rat with the serum and urine creatinine measurements. Systolic blood pressure was monitored in all animals before and after losartan administration with the use of a tail sphygmomanometer (Harvard Apparatus, South Natick, MA).
Transport studies. Immediately following euthanasia and exsanguination of the rats, the entire distal colon was removed, cleansed in ice-cold isotonic saline, and partially stripped of the serosal muscularis using blunt dissection. Flat sheets of tissue were mounted in modified Ussing chambers with an exposed tissue area of 0.64 cm 2 . Transepithelial fluxes of 22 Na ϩ (Perkin Elmer Life Sciences, Boston, MA) were measured across colonic tissues bathed on both sides by 10 ml of buffered saline (pH 7.4) at 37°C and circulated by bubbling with 95% O 2-5% CO2. The standard saline contained the following solutes (in mmol/l): 139. , and 10 glucose. The magnitude and direction of the net flux (J net Na ) was calculated as the difference between the two unidirectional fluxes (mucosal to serosal, J ms Na and serosal to mucosal, J sm Na ) measured at 15-min intervals for a control period of 45 min (Per I), under short-circuit conditions. In some series, Per I was followed by a second 45-min flux period (Per II) to determine the acute effects of Na ϩ transport inhibitors and losartan or ANG II added in vitro. Untreated tissue preparations showed that there were no significant time-dependent alterations in Na ϩ transport or in the electrical parameters over the duration of the two-flux-period design (not shown). The concentration of losartan (10 Ϫ4 M) used here is known to have a maximum inhibitory effect on both K ϩ and Cl Ϫ secretion across this tissue preparation in vitro (15) . Similarly, we used relatively high concentrations of exogenous ANG II due to rapid tissue hydrolysis of the octapeptide, which results in an effective tissue concentration that is two orders of magnitude less that that of the bathing solution (14, 15) . The unidirectional tracer fluxes were determined on conductance-matched tissues (G T Յ 20%). The electrical parameters of the tissue were also recorded at 15-min intervals throughout the entire experiment. Tissue conductance (G T, mS/cm 2 ) was calculated as the ratio of the open-circuit potential (mV) to the short-circuit current (I sc, A/cm 2 ). RNA isolation and real-time PCR. Immediately following euthanasia, a 50 -100-mg segment of distal colon was preserved from each rat in RNAlater (Ambion, Austin, TX), and total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA) according to the recommendations of the manufacturer. The TURBO DNA-free kit (Ambion) was used to remove residual genomic DNA contamination from the total RNA samples. Gene-specific oligonucleotide primers were designed from rat reference sequences available in GenBank using Primer 3 (31) and are shown in Table 1 . Real-time PCR was performed using the QuantiTect SYBR Green RT-PCR kit (Qiagen, Valencia, CA) with the DNA Engine Opticon continuous fluorescence detection system (MJ Research, San Francisco, CA). Briefly, 100 ng of total RNA was added to 25 l of 2ϫ QuantiTect SYBR Green RT-PCR Master mix, 250 ng of each gene-specific primer and 0.5 l of QuantiTect RT mix. The reactions were adjusted to 50 l total volume with RNase-free water and incubated at 50°C for 30 min. Reverse transcriptase was deactivated, and the HotStarTaq DNA polymerase was activated by incubation at 95°C for 15 min. Reactions were then subjected to 45 cycles of denaturation at 94°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. Fluorescence data were collected after each extension step. Following each PCR run, a melting curve analysis was performed with built-in software of the DNA Engine Opticon System to verify the specificity of the RT-PCR product. GAPDH was used as an internal reference to normalize for the amount of RNA added to the reverse transcription reaction. Standard curves for GAPDH and each target gene shown in Table 1 were generated from serial dilutions of a distal colon total RNA pool. Regression analysis was performed on each data set, and the resultant slopes were compared between each target gene and GAPDH to ensure amplification efficiencies were similar. Average threshold cycle (C t) number for GAPDH was also compared among all experimental groups to demonstrate stability of expression and consequently validate its use (4, 6, 36) as a reference gene (16.0 Ϯ 0.15, 16.2 Ϯ 0.14, and 16.1 Ϯ 0.02 for the CON, CRF, and CRF ϩ LOS groups, respectively; P ϭ 0.41). Gene expression data are expressed as fold changes relative to controls using the 2 Ϫ⌬⌬Ct as previously described (27) .
Immunoblotting. Immunodetection of the NHEs, the ENaC subunits, Na ϩ -K ϩ -ATPase, and the AT2 receptor protein on Western blots was performed using commercial primary and secondary antibodies [NHE1, NHE3, AT 2 from Santa Cruz Biotechnology (Santa Cruz, CA), ENaC-␥ from Alpha-Diagnostics (San Antonio, TX), and NHE2, ENaC-␣, ENaC-␤, and Na ϩ -K ϩ -ATPase-␣ isoform from Millipore (Billerica, MA)]. Briefly, protein samples (100 or 250 g) were loaded onto a 5% stacking/10% SDS polyacrylamide gel and separated by electrophoresis at 200 V. The proteins were electrophoretically transferred to a nitrocellulose membrane at 60 V for 3 h at 4°C. After a 45-min blocking incubation, the blots were incubated overnight in the same blocking solution containing the primary antibody followed by a 30-min incubation with the secondary antibody. After each incubation, the blots were extensively washed with Tris buffer containing 0.1% Tween-20. For detection, the membranes were reacted for 1 min with chemiluminescence reagent (Amersham, Piscataway, NJ) and exposed to autoradiographic hyperfilm-ECL (Amersham). The intensity of the resulting band in each case was quantified using Image J (NIH). Membranes were stripped by incubating in Restore Western Stripping Buffer (Pierce, Rockford, IL) for 20 min at 37°C and reprobed as described above with a monoclonal antibody to GAPDH (Ambion) for 1 h.
Reagents. Losartan was a generous gift from Merck (Rahway, NJ), and PD-123319 was a product of Research Biochemicals International (Natick, MA). [Asn 1 , Val 5 ]-ANG II was purchased from Peninsula Laboratories (Belmont, CA), and all other reagents, including EIPA and (N-Amidino-3, 5-diamino-6-chloropyrazinecarboxyamide) amiloride were purchased from Sigma.
Statistical analyses. For the flux studies, a paired or unpaired t-test was used for the comparison of two means, whereas multiple means were compared by a one-way ANOVA followed by Bonferroni's t-test. Results are presented as the mean Ϯ 1 SE for the number of matched tissue pairs employed. For all analyses, differences were considered significant if P Յ 0.05. For real-time PCR data, one-way ANOVA was performed on the rank-transformed ⌬C t values with the General Linear Models procedures of SAS. Significant treatment effects were separated by Student-Newman-Keuls sequential range test and orthogonal contrasts (32) .
RESULTS
Sodium and water balance in the CRF rat. A comparison of sodium and water balance in CRF and in ϩ LOS rats with CON revealed that, whereas serum Na ϩ homeostasis was maintained in both CRF and ϩ LOS groups, urinary Na ϩ excretion was significantly higher only in CRF rats, despite comparable dietary Na ϩ intake among the three groups (Table 2 ). Both fluid intake and urinary output were significantly elevated in all CRF rats compared with CON and were unaffected by losartan administration. Although losartan treatment ameliorated the increases in serum creatinine by ϳ30%, renal function (as judged by creatinine clearance) was significantly reduced in both losartan-treated and untreated CRF rats as shown previously (11, 14) . Blood pressure, which was also increased in CRF, was significantly reduced by losartan treatment, again as expected (11) .
Enhanced sodium absorption in CRF rats. Fluxes of 22 Na ϩ were measured across short-circuited colonic segments removed from CON, CRF and ϩ LOS. As shown in Fig. 1 , there was a significant increase in net Na ϩ absorption (J net Na ) in the CRF rats (gray bars in Fig. 1 ) compared with controls, which occurred by virtue of a significant increase in J ms Na . In the CRF colon there was also an increase in I sc ( Fig. 1 ), but this did not reach statistical significance (P ϭ 0.064).
The CRF-induced increase in distal colon sodium transport was significantly reduced by treating the animals with the AT 1 receptor antagonist, losartan. As shown by the solid bars in Fig. 1 , J ms Na and net sodium fluxes in the ϩ LOS rats were significantly smaller than those of the CRF rats, but not significantly different from the CON rats. These effects of chronic AT 1 antagonism on sodium transport in vivo were similar to the acute effects of adding losartan to the distal colon in vitro. Thus when 10 Ϫ4 M losartan (serosal) was added to tissues from CRF rats during Per II of the flux measurements, J net Na was Fig. 1 . Comparison of Na ϩ transport and short-circuit current (Isc) across isolated, short-circuited distal colon from control rats with 2 intact kidneys (CON, n ϭ 7), 5/6 nephrectomized rats with chronic renal failure (CRF, n ϭ 11), and rats with renal failure that were treated with losartan (10 mg/kg) for 7 days before euthanasia (ϩLOS, n ϭ 10). Error bars represent Ϯ1 SE of the mean of data in each group. An asterisk indicates a significant difference compared with CON, and § indicates a significant difference from CRF in a one-way ANOVA (P Յ 0.05). Transepithelial conductance (GT) was not significantly affected in CRF (9.00 Ϯ 0.62 mS/cm 2 ) or ϩ LOS (8.23 Ϯ 0.66 mS/cm 2 ) compared with CON (8.79 Ϯ 0.83 mS/cm 2 ). The fluxes and electrical parameters measured in ϩ LOS are not significantly different compared with CON. J ms Na , mucosal to serosal flux; J sm Na , serosal to mucosal flux; J net Na , net flux. Values are means Ϯ SE. CON, control; CRF, chronic renal failure; ϩLOS, losartan; SNa ϩ , serum sodium; UNa ϩ , urinary sodium excretion; SCr, serum creatinine; Cr Clear, creatinine clearance; UV, urinary volume excretion; ⌬ Body Wt, the gain in body weight over the 6-week period following 5/6 nephrectomy; BP, mean arterial systolic blood pressure. *Significant difference from control, P Յ 0.05; †significant difference from CRF, P Յ 0.05.
significantly reduced by a reduction in J ms Na as shown in Fig. 2 . Acute losartan addition to these CRF tissues also significantly reduced I sc , and G T was unaffected. In contrast, serosal addition of the AT 2 receptor antagonist, PD123319 (10 Ϫ4 M), had no effect on the unidirectional or net fluxes of Na ϩ across CRF distal colon (data not shown). It is also notable that acute losartan addition to tissues removed from control rats had no effects on Na ϩ fluxes, but a losartan-induced decrease in I sc was evident as shown in Fig. 3 .
To generally assess the relative contribution of electroneutral NHE mediated by apical NHE isoforms NHE2 and NHE3 to J ms Na , we also examined the effect of mucosal EIPA in the CRF distal colon. As shown in Fig. 4 , addition of 50 M EIPA to the mucosal side of CRF distal colon produced significant decreases in J net Na and J ms Na without significantly affecting J sm Na or I sc . The decrease in J net Na of more than 1 Eq⅐ cm Ϫ2 ⅐ h Ϫ1 in the absence of a similar reduction in I sc suggests that sodium absorption in the CRF rat distal colon is mediated by both electroneutral EIPA-sensitive (NHE) and EIPA-insensitive (ENaC) components because 50 M of this amiloride analog should effectively inhibit most apical NHE (21, 30) . When the ENaC blocker amiloride was added to these CRF tissues in a similar series of experiments shown in Fig. 5 , we also observed a reduction in J net Na and J ms Na in addition to a significant reduction in I sc . We conclude from the transport and inhibition studies that net sodium absorption is enhanced in the distal colon of CRF rats by increases in J ms Na (both EIPAsensitive and -insensitive) that are, in part, dependent on AT 1 mediated pathways.
Effects of ANG II on colonic sodium absorption in vitro.
Since the foregoing results suggested that ANG II may be involved in mediating the CRF-enhanced Na ϩ absorption, we next examined the effects of acute ANG II addition to colonic tissues removed from control rats. It is notable here that we added ANG II at 10 Ϫ7 M to the in vitro tissue preparation because significant hydrolysis of ANG II occurs at 37°C in colonic tissues (12, 14) . We previously demonstrated that the difference in concentration of ANG II between the bathing solution and the extracellular tissue space is approximately two orders of magnitude; thus we reasoned that the effective concentration of ANG II at the site of the receptor is likely to be in the order of 10 Ϫ9 M. As shown in Fig. 6 , ANG II (10 Ϫ7 M, serosal) stimulated net Na ϩ absorption ϳ60% via an increase in J ms Na , and I sc was significantly reduced by about 40% (from 5.48 Ϯ 0.49 to 3.42 Ϯ 0.25 Eq⅐cm Ϫ2 ⅐h Ϫ1 ), whereas G T remained unchanged. The ANG II-induced reduction in I sc is likely due to an increase in electrogenic K ϩ secretion or a reduction in electrogenic Cl Ϫ secretion as we have observed in other studies (14, 15) .
ANG II receptor and sodium transporter expression in CRF. Previously, we detected no differences in plasma ANG II, aldosterone, or K ϩ concentrations, or in tissue content of ANG II between normal and CRF rats (14) . However, we did find a twofold increase in the number of specific ANG II binding sites in CRF colonic mucosa (14) as well as a twofold increase in AT 1 receptor protein expression compared with normal controls (12) . As shown in Fig. 7 , however, CRF rats and CRF ϩ LOS have comparable levels of AT 1 mRNA expression. It is also notable that the expression of AT 2 mRNA (Fig. 7) and protein (see Fig. 8 ) was the same in CRF and CRF ϩ LOS rats treated with losartan. We next asked whether the CRF-induced increases in sodium absorption are correlated with altered expression of genes encoding proteins mediating transepithelial Na ϩ transport in the rat distal colon. Accordingly, we measured the relative mRNA abundance of NHE1, NHE2, NHE3, the three subunits of ENaC (␣, ␤, ␥), and the ␣-isoform of Na ϩ -K ϩ ATPase (Atp1a1) in CRF, ϩ LOS, and normal control distal colon. These results, also presented in Fig. 7 , show that there are significant increases in the mRNA expression of NHE2 and NHE3 and in all of the ENaC subunits. There were no alterations in NHE1 or in Na ϩ -K ϩ -ATPase mRNA associated with CRF. Interestingly, in CRF ϩ LOS, mRNA expression of the three ENaC subunits was attenuated although this did not reach significance for the ␥-subunit (P ϭ 0.08). In contrast, the CRF-induced increases in NHE2, and NHE3 mRNA expression persisted during losartan treatment of CRF rats, whereas NHE1 remained unchanged.
Western blot analyses of the NHEs, the ENaC subunits, and Na ϩ -K ϩ -ATPase show that protein expression patterns largely tracked mRNA expression patterns in each case (Fig. 8) . Thus although we found no changes in NHE1 or Na ϩ -K ϩ -ATPase protein expression among the three rat groups, protein expression of both NHE2 and NHE3, as well as the three ENaC subunits, were increased in CRF, albeit to varying degrees (Fig. 8) . However, in CRF, differences in ENaC protein expression due to losartan treatment were more difficult to resolve by the qualitative nature of immunoblot analyses compared with mRNA expression of these subunits. We conclude from these findings that the increased sodium absorption in the distal colon of CRF rats is likely due to increases in both electroneutral (NHE2 and NHE3) and electrogenic (ENaC) sodium transport across the apical membrane, with the latter Fig. 4 . Mucosal EIPA (50 M) partially reduces net sodium absorption in the distal colon of CRF rats (n ϭ 7). Indomethacin was present in this series (5 M, serosal) to better resolve any changes in Isc that might result from EIPA inhibition of electrogenic Na ϩ absorption. Error bars represent Ϯ1 SE above or below the mean of data in each group. An asterisk indicates a significant difference between Per I (CRF) and Per II (ϩEIPA), using a paired t-test, P Յ 0.05. Transepithelial conductance (GT) was not significantly changed in Per II (7.82 Ϯ 0.90 mS/cm 2 ) compared with Per I (8.62 Ϯ 0.77 mS/cm 2 ). Fig. 5 . Mucosal amiloride (10 Ϫ4 M) partially reduces net sodium absorption and Isc in the distal colon of CRF rats (n ϭ 7). Error bars represent Ϯ1 SE above or below the mean of data in each group. An asterisk indicates a significant difference between Per I (CRF) and Per II (ϩAmiloride), using a paired t-test, P Յ 0.05. Transepithelial conductance (GT) was not significantly changed in Per II (9.58 Ϯ 1.09 mS/cm 2 ) compared with Per I (10.13 Ϯ 1.13 mS/cm 2 ). avenues being largely sensitive to AT 1 antagonism. In addition, the increase in urinary Na ϩ excretion in CRF is likely a consequence of this enhanced colonic absorption.
DISCUSSION
The 5/6 nephrectomy model of CRF in rats results in numerous changes in the morphology and function of the remnant kidney including hypertrophy, decreased creatinine clearance, increased urine output subsequent to dysfunction of the urinary concentrating mechanism, proteinuria, and altered electrolyte handling (11, 23) . Regarding the latter, urinary Na ϩ excretion is increased in CRF rats, and this has been proposed to result from impaired proximal tubular Na ϩ handling following decreased expression of Na ϩ transporters in this nephron segment (23) . It is also notable that several of the transport alterations concomitant with CRF in the nephron exhibit a dependence on ANG II type 1 receptors (23) .
Renal failure in the CRF rat model also leads to changes in intestinal electrolyte transport that may mitigate impaired renal function. For example, we have previously shown that K ϩ and a number of anions, including Cl Ϫ , which are normally absorbed by the rat distal colon, are secreted by colonic epithelia of CRF rats, and these reversals in the direction of net transport are mediated by an upregulation of AT 1 receptor protein (11, 13, 14, 16, 17) . In the present study we show that Na ϩ absorption is enhanced in the distal colon of CRF rats resulting in a significant increase in urinary Na ϩ excretion, and these changes correlate with increases in the expression of apical membrane sodium uptake pathways (NHE2, NHE3, and ENaC subunits) in distal colonic tissues. We further observed that the CRF-induced increases in colonic Na ϩ absorption and urinary Na ϩ excretion were blocked by losartan (a specific AT 1 receptor antagonist), suggesting that the AT 1 receptor plays a regulatory role in this response. Losartan treatment was also associated with a small improvement in renal function and a significant lowering of blood pressure in CRF as we have previously reported (11) . In contrast, the twofold increase in fluid intake and the more than threefold increase in urinary volume excretion in CRF were unaltered by treatment with the AT 1 receptor antagonist.
Enhanced colonic Na ϩ absorption in CRF. Under normal conditions, sodium absorption by rat distal colon occurs by uptake across the apical membrane via electroneutral Na ϩ -H ϩ exchange (18, 22, 38) followed by extrusion across the basolateral membrane mediated by Na ϩ -K ϩ -activated ATPase (22, 38) . However, in certain situations, such as hyperaldosteronism induced by dietary Na ϩ depletion, electrogenic Na ϩ absorption is induced, which is mediated by the apical epithelial Na ϩ channel (ENaC), whereas the electroneutral absorption mechanisms appear to be suppressed (10, 19, 22) . These changes in transport have been shown to be mediated (in part) by changes in transporter mRNA and protein abundance; apical NHEs are downregulated and apical ENaC is elevated in dietary sodium restriction (18) .
In the CRF rat model induced by 5/6 nephrectomy, the increase in net sodium absorption across the distal colon was Fig. 7 . mRNA expression of AT1, AT2, and selected sodium transporters in the distal colon of control rats (CON), rats in CRF, and CRF rats treated with losartan (10 mg/kg) for 1 wk before study (ϩLOS). *Significant difference compared with control, P Յ 0.05. †Significant difference compared with CRF, P Յ 0.05. NHE, sodium-hydrogen exchanger; ENaC, epithelial sodium channel. chiefly due to an increase in the mucosal to serosal unidirectional flux of Na ϩ . This increase in J ms Na could result from increases in the influx of Na ϩ across the apical membrane, enhanced extrusion across the basolateral membrane, or some combination of thereof. Given that mRNA encoding basolateral Na ϩ -K ϩ ATPase and NHE1 and expression of these transport proteins did not appear to be altered in CRF, whereas mRNA transcripts and protein expression of apically situated NHE2, NHE3, and all ENaC subunits were upregulated, we suggest that changes in apical Na ϩ uptake mediated by electroneutral, Na ϩ -H ϩ exchange (NHE3 and NHE2) and electrogenic (ENaC) avenues may be largely responsible for the increase in colonic Na ϩ absorption in CRF. In accordance with this interpretation, we observed that 50 M mucosal EIPA produced a significant reduction in J net Na and J ms Na without significantly reducing I sc . Since this amiloride analog is reported to inhibit all isoforms of NHE-mediated Na ϩ uptake in normal rat distal colon with a K i (inhibition kinetic constant) of less than 1 M (21, 30) we suggest that the remaining (EIPA-insensitive) component of J net Na and J ms Na in the CRF distal colon is mediated by ENaC, and, consistent with this, we also observed reductions in J net Na , J ms Na , and in I sc with mucosal amiloride addition. Although it has been clearly shown that all three ENaC subunits are required for full channel activity (1), and, interestingly, in rat distal colon aldosterone stimulates electrogenic Na ϩ transport by increased expression of the ␤-and ␥-subunits but not the ␣-subunit (10), our data suggest that enhanced expression of all three subunits produces increased ENaC activity in CRF distal colon.
This pattern of simultaneous upregulation of ENaC and NHE in CRF is notably different from that produced by Na ϩ depletion (aldosterone mediated) in the rat distal colon, which, as noted above, results in reduced apical NHE expression and enhanced apical ENaC expression (18) . Although we have interpreted the upregulation of NHE and ENaC expression in CRF distal colon in terms of ANG II type 1 receptor mechanisms as observed in renal epithelia (7, 24) , it is also possible that other regulatory factors/pathways also contribute to enhanced colonic Na ϩ absorption in CRF. One strong possibility is that the expression of apical NHEs is modulated by a metabolic acidosis in the CRF rats that is a common complication of progressive renal failure (30) . In the distal colon of rats with metabolic acidosis induced by NH 4 Cl ingestion, both Fig. 8 . Immunoblot analyses of Na ϩ /H ϩ exchangers (NHE1, NHE2, NHE3), Na ϩ channel subunits (ENaC-␣, ENaC-␤, ENaC-␥), ATPase, and AT2 receptor in protein extracts of distal colon from CON, CRF, and ϩ LOS rats. Membranes were reprobed for GAPDH as an internal loading control. Results were quantitated by densitometry from n ϭ 4 to 6 tissues in each group and given in arbitrary units. Significant differences in CRF and ϩ LOS from CON rats were established by a one-way ANOVA followed by Bonferroni's t-test and are indicated by an asterisk.
NHE2 and NHE3 mRNA expression and function were found to be increased in the absence of changes in basolateral NHE1 expression (28) . We observed similar changes in CRF rat distal colon in the present study, and it is certainly possible that a concomitant metabolic acidosis in CRF initiated the increases in NHE2 and NHE3 gene and protein expression. In this regard, we have also noted that this CRF model exhibits some signs of a nascent acidosis including an increase in anion gap, titratable acid, and phosphate excretion, with a lower urinary pH (9) . Perhaps, the absence of losartan attenuation of the NHEs is a further indicator that a metabolic acidosis promotes these changes in NHE expression in the CRF distal colon, but further studies are required to make these distinctions.
Role of ANG II and ANG II receptors in CRF-enhanced Na ϩ absorption. On the basis of the present findings, we suggest that ANG II and its receptors also play a significant role in the CRF-induced stimulation of net Na ϩ absorption across the rat distal colon. Functionally, chronic AT 1 receptor antagonism with losartan blocked the increase in J net Na in CRF rat colon solely by a reduction in J ms Na , clearly implicating ANG II involvement in this response. Acute AT 1 antagonism in vitro (10 Ϫ4 M losartan, serosal) also reduced net sodium absorption in CRF tissues via a reduction in J ms Na , whereas AT 2 receptor antagonism (10 Ϫ4 M PD123319, serosal) had no effect on sodium fluxes. Finally, the significance of AT 1 receptors to CRF-stimulated Na ϩ absorption in the rat distal colon is further suggested by the effects of chronic AT 1 antagonism on the mRNA expression profiles of genes encoding selected sodium transporters. Losartan treatment of CRF rats was associated with reductions in ␣-, ␤-, and ␥-ENaC subunits compared with CRF alone without changing NHE1 or Na ϩ -K ϩ -ATPase mRNA or protein levels.
Additional evidence for the involvement of ANG II and specifically AT 1 receptor-mediation of CRF-induced changes in colonic electrolyte transport is provided by previous studies from our laboratory using this CRF rat model (11, 12, 14 -16) . In summary, the CRF-induced changes in ion transport can be correlated with a twofold increase in specific 125 I-ANG II binding (14) and a twofold upregulation in AT 1 receptor protein in CRF colonic tissue compared with normal tissue (12) . In the case of K ϩ transport, the changes in K ϩ fluxes were shown to be temporally correlated with the increase in AT 1 receptor protein both of which occurred within 48 h after the surgical procedure and were sustained for at least a sixweek period (14) . No changes in plasma concentrations of ANG II or aldosterone were observed in CRF rats, and neither could we detect any changes in tissue ANG II content when CRF and control distal colon were compared (14) at 6 wk. We have argued that this ANG II modulation of CRF colonic transport is independent of aldosterone action for several additional reasons. Although aldosterone stimulates K ϩ secretion across the distal colon (3), it does not stimulate Cl Ϫ secretion across this segment (33) , and in CRF we consistently observe a net secretory flux of Cl Ϫ (11, 17) . In the present study, we found no increase in Na ϩ -K ϩ -ATPase (␣-subunit) protein or mRNA expression in CRF, which is a typical effect of chronic aldosterone stimulation of transepithelial Na ϩ transport. Finally, acute addition of ANG II to short-circuited tissues from both CRF and control rats results in a rapid change in I sc , reflecting immediate alterations in electrolyte transport (8, 14, 15) , which is inconsistent with an aldosterone-mediated effect on colonic transport, at least at the genomic level.
It is clear from the present study that, despite the fact AT 1 receptor protein mass is increased twofold in CRF colon compared with control (12) , there is no change in AT 1 mRNA and neither is there a change in AT 2 protein or AT 2 mRNA expression. Consequently, we hypothesize that there may be a decreased degradation rate of AT 1 receptor protein in CRF colonic tissue in light of no change in AT 1 mRNA. Taken together, however, the results of the present study indicate that AT 1 receptor agonism is chiefly responsible for ANG IIassociated alterations in electrolyte transport in CRF distal colon.
In conclusion, ANG II has a variety of agonistic activities in a number of tissues giving rise to a broad spectrum of physiological responses. Although we cannot exclude other neuro/ immune/paracrine components or in vivo hemodynamic influences, the results presented in this report are the first to demonstrate that CRF-induced stimulation of colonic Na ϩ absorption is due to AT 1 modulation of Na ϩ transporter and channel proteins at the message level.
